The ability of Medicago sativa to suppress weed growth may provide a viable alternative to chemical weed control and allow crop producers to reduce herbicide inputs. Quantitative information regarding the suppressive effect of M. sativa on weed populations in current cropping systems is lacking. A survey was conducted in Manitoba, Canada, in 1993 and 1994 to investigate weed populations in commercial cereal fields that had been preceded by either M sativa hay or cereal grain crops. A total of 117 fields were surveyed; approximately half from each field type. Principle component analysis indicated that the inclusion of M sativa in crop rotations resulted in weed communities different from those of continuous cereal fields. Naturally occurring populations of Avena fatua, Cirsium arvense, Brassica kaber, and Galium aparine were lower in cereal fields that had previously contained M sativa than in cereal fields that had been preceded by a cereal crop. Lower field uniformity values for C. arvense and Avena fatua indicated that these weeds were also more patchy in the M. sativa rotations. Population differences between field types were nonsignificant for Amaranthus retroflexus, Chenopodium album, and Polygonum convolvulus, and although populations of Taraxacum 
rather than on quantitative evidence. Information regarding the suppressive effect of M sativa on weeds in current cropping systems is lacking. In addition, the majority of weed/ crop studies have focused on the effect of the weed on crop yield, with less importance placed on the competitive effect of the crop on weeds. The objective of this study was to determine the ability of M sativa used for hay production to suppress annual and perennial weed populations compared to cereal-based rotations that did not contain a perennial forage component.
Materials and Methods
A survey was conducted throughout Manitoba, Canada, in early June 1993 and 1994 to determine weed populations in commercial cereal fields that had been preceded either by a cereal crop (continuous cereal fields) or by an M sativa or M sativalgrass crop (M. sativa/cereal fields). The springseeded cereal crops included Triticum aestivum L. (wheat), H. vulgare, or Avena sativa L. (oat). Differences in competitive ability between these crops were not considered important because fields were surveyed prior to crop canopy closure; that is, before the crops had an opportunity to express large differences in competitive ability against weeds.
Surveyed fields were 15 ha or larger. Continuous cereal fields that were considered ineligible for the study were those that (1) had been sown to M sativa in the past 5 yr, (2) were in a zero-tillage production system, or (3) had received a preplant spring herbicide application. Medicago sativa/cereal fields were selected according to the following criteria: the maximum sward grass component in M sativalgrass hay stands did not exceed 50%; stand age ranged from 3 to 6 yr; and all forage crops were managed for hay production with one to two harvests per season. Ineligible fields included M sativa stands that had been treated with a herbicide 2 yr prior to the survey, those that had received a preplant herbicide application after M sativa stand termination, and those that had received a spring burn-off herbicide treatment prior to seeding of the cereal crop. Medicago sativa fields that had received an application of glyphosate for M sativa control either before or after tillage during the fall, prior to the survey, were considered eligible for sampling; other fallapplied herbicides were not acceptable.
Survey fields were equally distributed throughout the cropping zone of southern Manitoba. All surveys were conducted by members of the Manitoba Weed Supervisors Association, a group of weed specialists with weed survey experience. The sampling technique was based on the "inverted W" method used by others to survey weed infestations in agricultural fields (Frick and Thomas 1992; Thomas 1985) . The weed supervisor walked along the edge of the field for a predetermined, random number of paces (100 or greater), turned, and walked into the fields for another randomized number of paces. Weed sampling began at this point and followed an inverted "W" pattern, whereby five quadrats were sampled along each arm of the "W" pattern (Thomas 1985) . In each sampled field, weed species were counted in 20 0.5-by 0.5-m square quadrats (0.25 m2). For perennial species such as Eltrygia repens (L.) Nevski (quackgrass) and C. arvense, the number of shoots rather than the number of plants was counted. Twenty-four and 30 continuous cereal fields and 28 and 35 M. sativa/cereal fields were sampled in 1993 and 1994, respectively.
Data Analysis Univariate Analysis
Data from each of the two field types were summarized by calculating mean field density, frequency, uniformity, and relative abundance values as described by Thomas (1985) . Mean field density (hereafter referred to as density) of a weed species is the summed total of the average density for each field (calculated from the 20 quadrats that were sampled per field) divided by the total number of fields surveyed for a particular field type. Frequency is defined as the number of fields in which a species occurs and is expressed as a percentage of the total number of fields. Frequency estimates the extent of weed occurrence in the study area (Frick and Thomas 1992) . Field uniformity is the number of quadrats in which a species occurred expressed as a percentage of the total number of quadrats measured. It is an indication of the amount of land in the study area that contained the species in question (Frick and Thomas 1992) . A relative abundance value was calculated using mean field density, frequency, and uniformity values to rank the contribution of individual species to the weed community. The sum of the relative abundance value of all species equals 300 (Thomas 1985) . The advantage of using a relative index is that it allows comparisons between data collected for weed communities in different years, locations, and studies (Frick and Thomas 1992) . Differences in species density between the two field types were tested for significance using an unpaired t test. Species density values were log-transformed to ensure normal data distribution (Mead et al. 1993 ).
Multivariate Analysis
Species density data were subjected to multivariate data analysis to detect differences between the weed communities of each field type. One important advantage of a multivariate analysis approach is that it allows comparisons utilizing all occurring weed species as variables in the analysis (Derksen et al. 1993). Principal component analysis (PCA) summarizes data variation in terms of derived component axes. The first component axis explains the greatest proportion of linear variation in the data, whereas the second axis explains the next greatest proportion of variation. If the data are highly structured, the first few principal component axes will explain most of the variation in the data and thereby capture the underlying data trends (Manly 1994; Podani 1993) .
The ordination biplots generated by PCA are two-dimensional representations of surveyed fields and the weed densities contained within each field whereby weed density data is superimposed upon field type data in ordination space. Every surveyed field appears as a symbol on the biplot. Fields that are close together in ordination space are more similar in weed species composition than those that are further apart Jongman et al. 1995) . Weed species are represented as vectors originating from the origin of the ordination biplot. The orientation of the vector indicates the direction in which the density of the corresponding species increases most, and the length of the vector is proportional to the discriminating power of the species. Longer vectors are indicative of species that are strongly associated with a particular field type, whereas species that are common to all fields have little discriminating power and are therefore rep-resented by short vectors (Derksen et al. 1993; Jongman et al. 1995) .
The Hotelling T2 test is a multivariate statistical procedure used to test for differences between two predefined groups or classifications. It is the multivariate version of the familiar univariate t test (Morrison 1990 ). This test is based on the assumptions of common (homogeneous) covariance structures and multivariate normal data distribution. Another requirement is that the number of individuals (replicates) in the two groups being compared greatly exceeds the number of variables describing the groups (Green 1993) . Because the number of variables (weed species) in this study was large compared to the number of fields surveyed, PCA (using a covariance matrix) was first performed on log-transformed weed density values to reduce the number of variables and to meet the assumptions of multivariate normality and homogeneity of covariance structure (Green 1993 ). Derived component scores from the first two PCA axes, which numerically summarize the weed density data, were then used as variables in the Hotelling T2 test (Green 1993 ). The Hotelling T2 statistic was then converted to a standard F statistic to determine if compositional differences between the two groups (field types) were statistically significant (Morrison 1990) .
Although included in the multivariate and univariate statistical analyses, weed species with densities lower than 0.01 plants m-2 have been assigned a value of zero to restrict numerical values to two significant decimal places.
Results and Discussion
Weed Community Characterization Despite expected yearly variation, similar data sets were obtained from one survey year to the next (Table 1) and typified the weed flora found in cultivated fields in Manitoba (Thomas et al. 1997 ). In 1993, M sativafcereal fields contained 27 different species, and continuous cereal fields contained 31 species; total field density (the sum total of weed species density values) was 48 plants m-2 for M satival cereal fields and 106 plants m-2 for continuous cereal fields. In 1994, M sativa/cereal fields contained 41 species, and continuous cereal fields contained 34 species. Total field density was 81 and 128 plants m-2 for M sativa/cereal and continuous cereal fields, respectively. In both years, the 10 most abundant weed species accounted for more than 80% of the total relative abundance value (the summed total of all weed species relative abundance values) for both field types (Tables 2 and 3 ). Higher total field densities (Table 3) and greater species diversity (Table 1) in 1994 is reflective of the year to year variability often expressed by weed populations due to annual fluctuations in environmental conditions (Chepil 1946; Derksen et al. 1993; Radosevich et al. 1997) .
If the 10 most abundant weed species for each field type in 1993 are considered, seven species (mainly annual dicots) were common to both field types ( Table 2 ). The most striking differences were: (1) the absence of S. viridis and A. fatua as the first and second most abundant species in M sativa/cereal fields; (2) the absence of volunteer M. sati va, Taraxacum officinale, and Thiapsi arvense in continuous cereal fields. Similarly, in 1994, seven of the 10 most abundant species were again common to both field types (Table 3) .
Thlapsi arvense, volunteer M. sativa, and T officinale were present among the 10 most abundant weed species in M sativalcereal fields and absent from this category for continuous cereal fields. As was the case in 1993, A. fatua was absent from the top 10 weeds in continuous cereal fields in 1994. However, S. viridis was the most abundant weed in both field types in 1994.
Weed (Tables  2 and 3) .
It is apparent from these data that M sativa effectively suppresses A. fatua density and seed return, as has been observed by Siemens (1963) . This may be due to the highly competitive root and shoot growth of M sativa. Cutting regime may also influence A. fatua population dynamics. Because A. fatua seed shatters before a cereal crop is harvested (Chepil 1946; Thurston 1966) , annual replenishment of the seed bank will occur each year in an annual crop rotation. However, two M sativa hay cuts per growing season can reduce seed set and subsequent seed return (Schoofs 1997) .
The effects of M sativa in rotation were less consistent between years for S. viridis than for A. fatua. Although density, frequency and relative abundance values for S. viridis were lowest in M sativa/cereal fields in 1993 (Table 2), little difference between field types was observed in 1994 (Table 3 ). The fact that density, frequency, and relative abundance trends for continuous cereal fields were consistent between years appears to rule OUt a year effect 
Annual Dicots
Annual dicots of major significance in this survey included 1 convolvulus, B. kaber, Polygonum spp. (smartweed), Amaranthus retroflexus, and C. album. These species were consistently among the top 10 most abundant species for both field types and survey years. Two of these weeds, B. kaber and Polygonum spp., plus a less abundant weed, Galium aparine, were strongly influenced by inclusion of M. sativa in rotation. Brassica kaber density in M. sativalcereal fields was 8 and 7 plants m-2 in 1993 and 1994, respectively, compared with 11 and 23 plants m-2, respectively, in continuous cereal fields (P ' 0.10 in 1993 and P ' 0.05 in 1994). Frequency of B. kaber was lower in M. sativalcereal fields in 1993 (Table 2) , although no differences between field type were observed in 1994 (Table 3) No significant differences in C. album density or frequency were observed between field types in either year, although this weed was more abundant in M. sativalcereal fields in both 1993 and 1994 (Tables 2 and 3 ). Chenopodium album seed may remain viable in the soil for a prolonged period of time. Roberts and Feast (1973) found that it was one of the species with the highest number of viable seeds remaining in undisturbed soil after 6 yr. Therefore, it is not expected that the effects of M. sativa would greatly influence the numbers of viable C. album seed in the seed bank because of seed longevity.
Although 1? convolvulus densities were consistently lower in M. sativa/cereal fields, density values were not significantly different from continuous cereal fields (Tables 2 and  3 ). Polygonum convolvulus was more abundant in M. satival cereal fields in 1993 but little difference was observed between field types in 1994. Eighty-three and 100% of continuous cereal fields contained 1? convolvulus in 1993 and 1994, respectively, compared with 86 and 91% for M. sativalcereal fields. Roberts and Feast (1973) found that the number of ? convolvulus seeds remaining in undisturbed soil after 6 yr was much lower than that of C. album (26 vs. 53%), suggesting that factors other than seed longevity were of greater importance in determining the effect of M. sativa on 1? convolvulus populations.
Amaranthus retroflexus was not of major importance in 1993: density values were less than 1 plant m-2, and relative abundance and frequency values were extremely low for both field types (Table 2) . Interestingly, all three population parameters for both continuous cereal and M. sativa/cereal fields increased for A. retroflexus in 1994, placing this weed into the 10 most abundant species category that year. This may be attributed to higher than normal temperatures in the spring and summer of 1994 (Table 4) 
Perennial Grasses and Dicots
The present study supports previous observations of the ability of M. sativa to suppress C. arvense (Derscheid et al. 1961; Hodgson 1958; Stahler 1948 ). In 1993, C arvense shoot density was significantly lower in M sativa/cereal fields compared with continuous cereal fields (P ' 0.01), and a similar but nonsignificant trend was observed in 1994 (Tables 2 and 3 ). Medicago sativa in rotation was also found to reduce the relative abundance of C. arvense relative to continuous cereal rotations. Frequency of occurrence for C. arvense was lower for M sativalcereal fields in 1993 (54 vs. 7%), but no differences were observed in 1994 (Table 3) . Higher frequency of C. arvense in 1994 may be attributed to wet conditions the previous summer (Table 4) (Tables 2 and 3) . These observations may once again be related to greater than average amounts of precipitation in 1993 (Table 4) .
Medicago sativa in rotation resulted in significant (P ' 0.01) increases in T officinale density (4 vs. 1 plant m-2) and frequency relative to cereal following cereal rotations (Tables 2 and 3) . Furthermore, T officinale was the fifth and seventh most abundant weed in 1993 and 1994 in M sativafcereal fields, compared with 21st and 13th most abundant weed in 1994 in cereal following cereal rotations, respectively. Taraxacum officinale population demographics remained relatively stable over years. Therefore, although the Cirsium species considered in this study had higher densities and levels of occurrence after the wet season of 1993, T officinale appears to have been unaffected.
Greater abundance of T officinale after M sativa may be due to its prostrate growth habit that may make it possible for the species to avoid defoliation during mechanical hay harvesting. The germination pattern of T officinale may also be a factor. Because it does not exhibit a regular or marked periodicity of germination over a growing season (Chepil 1946) , the potential for successful germination is constant throughout the year. Therefore, the opportunity exists for it to establish itself during the period after a hay cut when much of the soil surface is exposed or in the fall when M sativa is dormant. Champness (1949) concluded that T officinale populations could not withstand the competition from M. sativa that was neither grazed nor cut for hay during the growing season. Legere (1993) observed greater T officinale populations in a rotation containing Trifolium repens L. (red clover) and attributed the increase to a more stable environment created by the absence of tillage.
In addition, high T. officinale populations after M. sativa may be attributed to increased weed invasion due to declining M. sativa stand health. In the 1994 survey, 75% of producers indicated that deteriorating M. sativa vigor was the motivating factor for terminating the stand. Entz et al. (1995) reported that the strategy of most forage producers was to maximize forage stand life and rotate forages only when necessary because of weed invasion and declining hay yields. Therefore, the higher presence of T officinale in M. sativalcereal fields may be an artifact of poor stand health, suggesting that an intensive stand management regime, designed to optimize plant vigor and based on timely M. sativa stand termination, may result in lower T officinale populations.
The population demographics of E. repens varied substantially from year to year. Medicago sativatcereal fields contained fewer plants m-2 than continuous cereal fields in 1993 (Table 2 ). However, in 1994, density for both field types was similar (Table 3) Roberts and Feast (1973) reported that, in addition to early seasonal emergence in the spring that continued to the end of the growing season, its seeds remained viable for an extended period of time, allowing germination to take place in substantial numbers over a period of 4 to 6 yr. These characteristics would favor its survival in M. sativa rather than in an annual crop where spring and fall tillage or herbicides would reduce populations that had germinated the previous summer and fall. Data trends similar to those obtained for T7 arvense were evident for Capsella bursa-pastoris (L.) Medikus (shepherdspurse) in 1994, although population values were smaller (Table 3) . 
Weed Species and Field Type Associations
Results from PCA clearly revealed that each field type contained a unique weed community, thereby confirming the effect of crop rotation on weed community dynamics. Differences in weed community composition between field types are illustrated in the ordination biplots generated by PCA (Figures 1 and 2 Table 1. support the conclusions drawn from the ordination biplots. The total variation accounted for by the first two component axes was 42 and 37% in 1993 and 1994, respectively.
The majority of weed species vectors move in a direction from the origin to the continuous cereal cluster, signifying the greater presence or abundance of these weeds in this field type. In both 1993 and 1994, Polygonum spp., A. fatua, S. arvensis, and B. kaber were strongly associated with continuous cereal fields. Setaria viridis, for which results were inconclusive in the univariate analysis, strongly influenced community composition, as can be seen from the length of its vector. In 1993, S. viridis was distinctly associated with continuous cereal fields. In 1994 however, it was not strongly associated with either field type, as its vector was moving in the direction of the overlapping fields. A similar trend was exhibited for C. album. Cirsium arvense and E. repens were more strongly associated with continuous cereal fields in 1993 than in 1994, as the vectors in the 1994 biplot shifted to occupy positions midway between the two field type clusters. As was indicated in the univariate analysis, T officinale, T arvense, and volunteer M sativa were clearly associated with M sativalcereal fields, particularly in 1994.
Although the spectrum of weed species found in the two field types was similar, it is clear that M sativa had a strong effect on weed species composition and abundance. From data obtained in this study, it is possible to categorize weed species into four groups: (1) A. fatua, B. kaber, C. arvense, S. arvensis, and G. aparine, whose populations were lower in M sativalcereal fields, indicating greater suppression by M sativa than by annual crop production practices; (2) P convolvulus, A. retroflexus, and C album, whose populations were similar for both field types; (3) n officinale and T arvense, whose populations increased in M. sativa because of conditions more conducive to growth than in a cereal rotation; (4) S. viridis, for which the data are inconclusive due to large year to year variations.
These results have several implications for weed management. First, inclusion of M. sativa in a rotation is an effective alternative to chemical weed control for certain weeds. In particular, M. sativa hay production can be used as a tool to manage herbicide-resistant weeds such as A. fatua. Second, for those weed species where no differences between field types were observed, inclusion of M. sativa in rotation can deliver the same degree of suppression as herbicides in an annual production system. Third, the rise in T officinale and T arvense populations in M. sativalcereal fields is a concern that needs to be addressed. Finally, the effects of M. sativa on weed patchiness in following crops may in some cases facilitate patch-based management strategies. From a weed ecology perspective, the results obtained in this study and by others (Derksen et al. 1993 ) emphasize the need to study weed population dynamics on an individual species basis. It is clear that classification of weed species into commonly accepted categories of annual, biennial, and perennial life histories is not always sufficient to predict the effect of crop rotation on weed populations. Information addressing how M. sativa affects seedling recruitment, growth, and subsequent seed set for individual weed species is needed.
From an agronomic perspective, the study illustrates the need to better understand how alfalfa stand management influences weed populations. Factors such as stand age and fertility and cutting regime are important in determining stand health, which in turn directly affects the ability of M. sativa to compete with weeds. Medicago sativa stand termination method (i.e., disturbed vs. nondisturbed) is another factor that will affect weed populations in succeeding crops.
